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Abstract. In Micro-electro-mechanical Systems (MEMS) based pressure sen-
sors and acoustic devices, deflection of a membrane is utilized for pressure or 
sound measurements. Due to advantages of capacitive pressure sensor over pie-
zoresistive pressure sensors (low power consumption, less sensitive to tempera-
ture drift, higher dynamic range, high sensitivity), capacitive pressure sensors 
are the 2nd largest useable MEMS-based sensor after piezoresistive pressure 
sensors. We present a normal capacitive pressure sensor, for continuous sensing 
of normal and abnormal Intraocular Pressure (IOP). The composite membrane 
of the sensor is made of three materials, i.e., Si, SiO2 and Si3N4. The membrane 
deflection, capacitance variation, mechanical sensitivity, capacitive sensitivity 
and non-linearity are discussed in this work. Mathematical modeling is per-
formed for analytical simulation, which is also compared with Finite Element 
Method (FEM) simulations. MATLAB® is used for analytical simulations and 
CoventorWare® is used for FEM simulations. The variation in analytical result 
of deflection in membrane w.r.t. FEM result is about 7.19%, and for capacit-
ance, the variation is about 2.7% at maximum pressure of 8 kPa. The non-
linearity is about 4.2492% for the proposed sensor for fabrication using surface 
micro-machining process. 
Keywords: Circular composite membrane, capacitive pressure sensor, mathe-
matical modeling, FEM simulations. 
1 Introduction 
 Micro-machined sensors are integrated with electrical interface to make elec-
tromechanical systems. MEMS sensors are systems which interact with measurand 
(like displacement, acceleration, flow, pressure and temperature etc.) and then con-
verts it to an electrical signal, which is used to analyze the measurand so that further 
controlling, minoring and/or alarming actions can take place. ICs are used to perform 
signal-conditioning so that obtained signal can be used for further decision mak-
ing/transmission/communication [1]. The market of MEMS based devices is growing 
at a fast rate from several years. In sensors domain, MEMS based inertial sensors, 
pressure sensors and micro-actuators have large application not only for consumer 
electronics, defense systems and automobile application but also for bio-medical ap-
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plication. In some biomedical applications, the devices can be implanted in living-
being, and then bio-medical signal can be transmitted using wireless communication 
technology i.e. telemetry [2-4]. 
MEMS based pressure sensors have replaced conventionally available pressure mea-
suring devices like bourdon tubes, bellows, diaphragms, capsules and various vacuum 
measuring devices (such as Pirani gauge, McLeod gauge etc.). In conventional pres-
sure measuring devices, pressure causes mechanical movement that rotates the poin-
ters/dial. However, MEMS devices directly convert input pressure into corresponding 
electrical signal. MEMS pressure sensors are fabricated on silicon wafers (SOI, 
double SOI or single crystal silicon wafers) using surface, bulk or a combination of 
these two micro-machining techniques. Utilizing the above-mentioned technologies, 
the diaphragms are released which acts as a sensing element [5]. 
Increase or fluctuation in IOP can be the cause of glaucoma. According to World 
Health Organization (WHO), glaucoma is one of the major cause of blindness. Glau-
coma causes irreversible eye disease, which damages the optical nerves. The normal 
range of IOP is 1.6 kPa – 2.8 kPa. Therefore, the accurate measurement in early stage 
can save the eye from permanent blindness [2-3]. 
     The normal mode capacitive pressure sensors have a fixed plate and a movable 
(usually conductive) plate/membrane, which are separated by a medium, i.e., vacuum, 
air or dielectric materials. The capacitance variation can be obtained by following 
three techniques (usually first technique is utilized for designing MEMS capacitive 
pressure sensor): 
 Changing the separation gap between parallel plates. 
 Changing the overlapping area between parallel plates. 
 Movement changing in dielectric materials which is filled between plates. 
This paper presents mathematical/theoretical modeling and FEM simulation of com-
posite membrane based normal mode capacitive pressure sensor for IOP measurement 
(0 – 8 kPa). The obtained results are also compared with one of our previous works, 
in which the modeling and FEM simulation of normal mode capacitive pressure sen-
sor is carried out for the same application. In that work, only the silicon material of 
Young modulus of elasticity 169 GPa and poisson ratio of 0.066 is used as diaphragm 
material. For different diaphragm thicknesses after optimization, comparison of theo-
retical and simulation results is presented [3]. In this presented work, the composite 
membrane is made of silicon (with same material properties), silicon dioxide 
(Young’s modulus of elasticity 70 GPa and poisson ratio 0.17) and silicon nitride 
(Young’s modulus of elasticity 222 GPa and poisson ratio 0.27). 
2 Mathematical Modeling of Sensor 
2.1 Membrane deflection and Capacitance variation 
After application of pressure P on thin, clamped and flat circular diaphragm of ra-
dius 𝑎, thickness 𝑡 which made of homogeneous, isotropic and elastic material with 
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Young’s modulus of rigidity E and Poisson ratio ѵ, the diaphragm deflection can be 
given by [3]: 
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Here, D (flexural rigidity) can be given by: 
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The base capacitance of sensor can be given by: 
 𝐶௕௔௦௘ =
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ௗ
 (3) 
Here, A, d and 𝜀 are overlapping area between plates, separation gap and permittiv-
ity of medium, respectively. 
 
Fig. 1. Circular clamped diaphragm depicting an annulus is taken from composite membrane. 
To find the capacitance of parallel plate capacitor after pressure application, cut an 
annulus at radius r of width dr from deflected clamped circular diaphragm, as shown 
in Fig. 1. The capacitance due to this annulus (a small element) can be given by: 
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 (4) 
After performing the integration over whole area of sensor, the capacitance can be 
given by: 
 𝐶ௗ = ∫
ఌ(ଶగ௥ௗ௥)
ௗି ౌ౗
ర
లర ీ൤ଵିቀ
౨
౗ቁ
మ
൨
మ
௔
଴  (5) 
After solving the above equation [3]: 
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Fig. 2. Composite membrane made of three different materials. 
If the diaphragm material is made of three different materials silicon, silicon dio-
xide and silicon nitride [Si3N4(Eଵ, ѵଵ, hଵ)/SiO2( Eଶ, ѵଶ, hଶ)/Si(Eଷ, ѵଷ, hଷ)], as shown in 
Fig. 2, then flexural rigidity of composite membrane can be given by [5]: 
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here, e is the neutral plane (the plane within the composite plate/membrane which 
is not in tension, compression or stress when there is application of pressure on the 
plate/membrane), this can be given by [5]: 
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Then deflection in the composite membrane, of radius L and flexural rigidity and 
thickness can be given by: 
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The capacitance variation due to pressure application is obtained by modifying the 
Eq. (4) and can be given by: 
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2.2 Sensitivity and Non-linearity 
The mechanical sensitivity is a useful parameter, if maximum membrane deflection 
varies in different designs. The mechanical sensitivity is slope of maximum deflection 
versus pressure range curve. The mechanical sensitivity of composite membrane can 
be given by [2-3]: 
 S୫ୣୡ୦,ୡ୭୫୮୭ୱ୧୲ୣ =
ୟర
଺ସ ୈౙ
 (11) 
The capacitive sensitivity of composite membrane based sensor is obtained by the 
ratio of change in capacitance and applied pressure range [2-4]: 
ℎଷ 
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Mechanical and Capacitive sensitivity both are terms which define the performance 
and specifications of sensors.  
The non-linearity of the sensor, at particular point, can be defined by [6]: 
 NL୧(%) =
େౚ_ౙ౥ౣ౦౥౩౟౪౛ିେౚ_ౙ౥ౣ౦౥౩౟౪౛×
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here, Pi is applied pressure at any point on the calibrated curve, Pm is maximum 
pressure,Cୢ_ୡ୭୫୮୭ୱ୧୲ୣ(Pi) is capacitance at particular point on calibrated curve and 
Cୢ_ୡ୭୫୮୭ୱ୧୲ୣ(Pm) is capacitance at maximum pressure. 
3 Results and Discussion 
The sensor must have good sensitivity, minimum non-linearity, low power con-
sumption, robustness and small size. Before fabrication of the pressure sensor several 
steps needs to be carried out like designing, mathematical formulation, verification of 
mathematical modeling, analytical simulations and comparison of analytical simula-
tion with FEM simulation. According to the mathematical formulation and analytical 
simulation, the optimized design of sensor can be obtained. However, in modeling 
and analytical simulation, several assumptions need to be taken. Therefore, the FEM 
simulation is performed to analyze the behavior of the sensor in a practical situation. 
The optimization of device using fabrication runs is complex, costly, time taking and 
needs more effort. Hence, it is highly desirable to have accurate and precise design 
and modeling. Considering the practical scenario, in this work, we have modeled 
composite membrane and verified the modeling with FEM simulations. 
In a capacitive pressure sensor, base capacitance must be in pF range and change 
must be in fF range for the capacitance measurement to be performed, effectively and 
efficiently. Therefore, we should try to increase base capacitance and change in capa-
citance by choosing appropriate and optimized design parameters for sensors. If over-
lapping area is increased for a particular thickness of membrane then deflection of 
membrane increases, so that mechanical sensitivity as well as capacitive sensitivity 
increases. If thickness of membrane is increased by keeping over-lapping area be-
tween plates constant/same then deflection in diaphragm decreases, so that both  me-
chanical and capacitive sensitivity decreases. 
3.1 Analytical design for membrane deflection 
The comparison of diaphragm deflection in 6 μm thick silicon diaphragm and 
composite diaphragm of same thickness is performed. In all the designs, composite 
membranes have a thickness of 6 μm (t). Silicon thickness is kept 5.3 μm thick and 
thickness of SiO2 and Si3N4 are varied as shown in the Table 1. The deflection in vari-
ous composite diaphragms and in Silicon diaphragm with same overall thickness is 
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shown in Fig 3. The radius of the diaphragm is 360 μm and applied pressure is 8 kPa. 
The flexural rigidity and maximum deflection in membrane of these four membranes 
are indicated in Table 1. 
Table 1. Flexural rigidity and maximum deflection for different models. 
Model 
No. 
Composite Diaphragm Thick-
nesses Specification (μm) 
Flexural Rigidity 
(Pa.cm3) 
 
Maximum Deflection 
(μm) 
 
1. t = 6 3.0553 0.68717 
2. hଵ = 0.2, hଶ = 0.5, hଷ = 5.3 2.7556 0.76192 
3. hଵ = 0.15, hଶ = 0.55, hଷ = 5.3 2.6948 0.77910 
4. hଵ = 0.1, hଶ = 0.6, hଷ = 5.3 2.6312 0.79793 
 
               
0 50 100 150 200 250 300 350 400
-0.8
-0.6
-0.4
-0.2
0.0
0.2
 
D
ef
le
ct
io
n 
(µ
m
)
Radius (µm)
 t = 6 µm
 h1 = 0.2 µm, h2 = 0.5 µm, h3 = 5.3 µm
 h1 = 0.15 µm, h2 = 0.55 µm, h3 = 5.3 µm
 h1 = 0.1 µm, h2 = 0.6 µm, h3 = 5.3 µm
Radius = 354 m
Applied Pressure = 8 kP
 
Fig. 3. Membrane deflection of different thicknesses. 
According to Table 1 and Fig. 3, if flexural rigidity of membrane is larger, de-
flection is lesser; therefore, the mechanical sensitivity is less. Since the flexural rigidi-
ty of Model No.4 is less and deflection is maximum, hence, Modal No.4 is chosen for 
FEM simulation. The radius is modified according to separation, so that sensor can be 
fabricated for IOP measurements using appropriate process flow. 
3.2 FEM simulations and comparison with analytical results 
     While performing FEM simulations using CoventorWare®, composite membranes 
are merged. Then membrane edges are clamped and bottom plate is fixed. The pres-
sure is applied on the top of membrane. The ‘Tetrahedron’ meshing type of Parabolic 
element order is used to mesh the model of sensor with element size = 5. 
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 The MemMech module and ‘Mechanical’ type of physics is utilized for me-
chanical analysis, i.e., for obtaining deflection in membrane.  
The FEM result of composite membrane deflection of thicknesses hଵ =
0.1 µm, hଶ = 0.6 µm, hଷ = 5.3 µm and radius 354 μm is shown in Fig. 4.  
 
Fig. 4. FEM result of Deflection in Composite membrane based Circular shaped Capacitive 
Pressure Sensor at 8 kPa Pressure using CoventorWare®. 
The comparison of analytical and FEM results are close to each other which is 
shown in Fig. 5. The variation in analytical and FEM results for membrane deflection 
increases, as applied pressure increases. 
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Fig. 5. Analytical and FEM results of maximum deflection w.r.t. pressure variation. 
The MemElectro module and ‘Electrostatics’ physics is utilized for obtaining base 
capacitance. The bottom plate is grounded and 1 volt voltage is applied on the top 
Composite Membrane                  
(Top Plate) 
Bottom plate  
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conductor. To obtain the capacitance at a particular applied pressure, CoSolveEM 
module is utilized in which Surface_BCs and DC_ConductorBCs are used to define 
the boundary conditions. In CoSolveEM module, mechanical as well as electrical 
analysis can be performed at a time.  
The base capacitance of sensor according to analytical simulation is 1.1619 pF and 
1.206062 pF according to FEM simulation. The analytical and FEM result of capaci-
tance variation w.r.t. applied pressure for membrane with radius of 354 μm, is shown 
in Fig. 6. 
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Fig. 6. Analytical and FEM results of Capacitance variation w.r.t. pressure variation. 
The mechanical sensitivity of sensor according to analytical and FEM simulation is 
93.25625 nm/kPa and 86.999075 nm/kPa, respectively. The capacitive sensitivity 
according to analytical and FEM simulations is 14.2375 fF/kPa and 13.1535 fF/kPa, 
respectively. 
4 Conclusion 
The deflection, capacitance variation and sensitivity (mechanical and capacitive 
both) of composite membrane based capacitive pressure sensor is discussed with ma-
thematical modeling and simulations. The membrane of proposed design is made of 
three different materials namely Silicon, Silicon dioxide and Silicon Nitride with 
thicknesses of 5.3 μm, 0.6 μm and 0.1 μm, respectively. The deflection curve w.r.t. 
applied pressure is obtained linear which validates the Hook’s Law. The analytical 
and FEM simulation result of capacitance variation w.r.t. applied pressure is also 
determined. The sensor has 4.2492% non-linearity. The variation in FEM results with 
analytical result in membrane deflation curve is due to Kirchhoff’s assumptions which 
have been considered in mathematical modeling/formulation. In mathematical formu-
lations and analytical simulations of base capacitance and capacitance variation, the 
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fringing field, parasitic effects plus dielectric constant of silicon oxide and silicon 
nitride (i.e. 3.9 and 8, respectively) are not considered which are leading to the varia-
tion in analytical and FEM results of capacitance variation w.r.t. applied pressure. 
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